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Bronze-processed multifilamentary NbsSn superconducting composite wires were loaded and 
then unloaded at room temperature, resulting in a large change in the critical current (I,) and 
the upper critical magnetic field (&) at 4.2 K: the I, and Hc2 increased, reaching maximum 
and then decreasing with an increasing applied stress level. The changes in I, and Hc2 below the 
loading stress to cause breakage of the NbsSn were described well from the viewpoint of the 
change in residual strain in NbsSn. When the applied stress was high enough to cause breakage 
of the Nb$n, the I, was reduced seriously. From the reduction in I, in such a case, the strength 
distribution of NbsSn was estimated by using the Weibull distribution function. The result 
indicated that the shape parameter for the Weibull distribution was 12 and the average strength 
was 1.02 GPa in the present samples. From the calculation of the residual strain at 4.2 K in 
combination with the estimated strength distribution of Nb$n, the change in I, at 4.2 K as a 
function of applied stress at room temperature could be described well. 
I. INTRODUCTION 
In the bronze-processed superconducting composite 
wires, significant compressive residual strain is introduced 
in JYb$n during cooling down from the annealing temper- 
ature due to the difference in the coefficient of thermal 
expansion among the constituents (Nb,Sn, niobium fila- 
ment, niobium or tantalum barrier, bronze and copper as a 
stabilizer). The residual strain affects the critical current 
(I,), the critical temperature ( r,) , and the upper critical 
field (H,..).‘-13 
One of the methods to control the strain of Nb3Sn is 
the loading-unloading treatment at room temperature. By 
this treatment, the I, and Hc2 can be raised.‘41’5 When 
applied stress is not high enough to cause breakage of 
Nb$n, the variations of I, and Hc2 as a function of loading 
stress can be described by substituting the strain values of 
Nb3Sn calculated based on the elastic-plastic mechan- 
ics’b’6 into Ekin’s scaling law for the strain effect on I, and 
Hc2.12’13 However, when applied stress is high, the break- 
age of Nb3Sn seriously reduces I,. 14-16 Ln order to describe 
quantitatively the change in I, for wide range of applied 
stress, the relation of applied stress to the breakage of 
Nb,Sn is needed. 
The aim of the present work is to estimate the distri- 
bution of strength of Nb3Sn from the reduction in I, for 
high applied stresses in combination with the strain effects, 
and to describe the change in I, and Hc2 at 4.2 K as a 
function of applied stress at room temperature for a wide 
range of applied stress. 
II. EXPERIMENTAL PROCEDURE 
Multitllamentary bronze-processed NbsSn composite 
wire with an overall diameter of 0.587 mm, composed of 
745 niobium filaments in a Cu-13 wt % Sn alloy, sur- 
rounded with a niobium barrier and then copper as a sta- 
bilizer, was employed in the present work. The copper and 
bronze ratios were 0.445 and 2, respectively. The heat 
treatment was carried out at 973 K for 43.2 ks. After heat 
treatment, the tin concentration in the bronze, measured 
with an electron-probe microanalyzer, was 8.6 wt %, and 
the volume fractions of Nb3Sn, niobium (unreacted nio- 
bium filaments and barrier), bronze, and copper, measured 
with a scanning electron microscope, were 0.073, 0.177, 
0.442, and 0.308, respectively. 
The samples were cooled down from the heat treat- 
ment to room temperature. At room temperature, the sam- 
ples were loaded up to various stress levels (O-300 MPa) 
at a strain rate of 6.7X 10-“/s, followed by unloading at 
the same strain rate until the stress on the samples became 
zero. After the loading-unloading treatment, the samples 
were cooled down to 4.2 K for the measurement of the 
critical current I,. The I, value was measured at the mag- 
netic field H from 7 to 15 T by a 1 pV/cm criterion using 
a WM-5 magnet of the High Field Laboratory for Super- 
conducting Materials at Tohoku University. When the 
loading stress was very high, the Nb3Sn’s on all niobium 
filaments were broken, resulting in an ohmic relation be- 
tween the voltage and current. In such a case, the I, value 
was taken to be zero, since the 1 pV/cm criterion for I, 
was inadequate. 
Ill. RESULTS AND DlSCUSSlON 
Hereafter, the subscripts l-rC refer to Nb3Sn, niobium, 
bronze, and copper, respectively, and the subscript c to the 
composite wire as a whole. 
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FIG. 1. Schematic representation of the stress-strain behavior of Nb$n 
(I), niobium (Z), bronze (3), copper (4), and composite as a whole (c) 
due to the loading-unloading treatment at room temperature. cl,7 to o,,~ 
are residual stresses introduced by the cooling down from heat-treatment 
temperature to room temperature. At the applied strains e,a and eB, the 
bronze and niobium become plastic in tension during loading, and at the 
stram e,-, the copper becomes plastic in compression during unloading in 
this example. qL to qL show the stresses exerted at the loading stress 
ocL on the composite, and (T,J~ to u.,,~ show the residual stresses after 
the loading-unloading treatment. 
A. Change in stress of Nb,Sn due to the 
loading-unloading treatment at room temperature 
and residual stress of Nb,Sn at 4.2 K 
When samples are cooled down from annealing to 
room temperature, compressive stresses cl,? and qr are 
exerted on the NbsSn and niobium, respectively, and ten- 
sile stresses a3,r and a4,r on the bronze and copper, respec- 
tively. The ai,, values for i= l-4 can be calculated by the 
method presented in our former work.‘” If the volume frac- 
tion of Nb3Sn is high and the tin concentration in bronze is 
low, the copper and bronze will yield in tension.” In the 
present samples, since the former is low (0.073) and the 
latter is high (8.6 wt %), only the copper (stabilizer) 
yields in tension, while the other constituents yield in the 
elastic state. 
When the composite is loaded in tension at room tem- 
perature, the stress exerted on each constituent increases 
from the a,,, values, as schematically shown in Fig. 1. The 
bronze and niobium become plastic at the applied strains 
e, and eB, respectively. With further loading beyond the 
strain eB, only Nb3Sn behaves elastically and other con- 
stituents behave plastically. 
In the loading-unloading treatment, the composite is 
loaded up to u~,~ and then unloaded until the stress on the 
composite is zero. When the composite is loaded onto u~,~, 
the stress in each constituent varies from ai,, to u[,~, re- 
spectively. When the composite is unloaded, the stress in 
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FIG. 2. A result of calculation of the stresses of the Nb,Sn at the loading 
at room temperature (ur,J, after the loading-unloading treatment at 
room temperature (or,& and at 4.2 K (~r,~.~ & as a function of ~~,r. 
each constituent decreases from u~,~. During unloading, all 
constituents behave elastically at ilrst but copper yields in 
compression at ec. With further unloading, the copper be- 
haves plastically while the other constituents behave elas- 
tically. Noting the stress in each constituent after unload- 
ing as oi,uL (i= l-4), the stress is changed from oi,, to 
oj,uL by the loading-unloading treatment. 
Figure 1 shows only one example of the stress-strain 
behaviors. The values of oi,uL are dependent on the applied 
stress on composite o~,~. For instance if u~,~ is very low, 
the copper behaves elastically during unloading. 
After the loading-unloading treatment at room tem- 
perature, the samples are cooled down to 4.2 K for mea- 
surement of 1,. Again the difference in thermal expansion 
among the constituents causes a change in residual stress in 
each constituent. 
Conclusively, the Nb3Sn having a residual stress oi,, at 
room temperature is loaded to (T~,~ and then unloaded to 
nI,uL by the loading-unloading treatment. When the sam- 
ples are cooled down to 4.2 K, the residual stress of Nb3Sn 
is reduced to 01,4.2 z. The value of u~,~ CT~,~, ~i,u~, and 
01,4,2 R can be calculated approximately by a method 
shown elsewhere.i6 
Figure 2 shows the results of calculation of (T~,~, 
oi,m, and ~1,4.2 K as a function of applied stress oc,L for the 
present samples. Evidently, they increase with increasing 
a=, L. Two important indications are deduced from Fig. 2: 
(i) According to the strain effect,12’13, the 1, value in- 
creases with decreasing exerted stress on Nb3Sn. Therefore, 
it is expected that the I, value will increase with increasing 
(T~,~, reaching maximum at about 0~,~=230 MPa corre- 
sponding to (~1,4.2 K=O, and then decrease. (ii) The ex- 
erted stress (T~,~ on the Nb3Sn upon loading at room tem- 
perature becomes very high when oc,L is high. When the 
breakage of the Nb3Sn occurs at high u~,~, the I, will be 
reduced. 
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In the present samples, the Nb$n is formed on 745 Nb 
filaments. The strength of the Nb$Jn varies from filament 
to filament. Thus the simultaneous breakage of all Nb$n 
will not occur. It is expected that the reduction in 1, will be 
dependent on the distribution of strength of Nb$n when 
u C,L is high. 
B. Variation of the upper critical field as a function 
of ffc,L 
Figure 3 shows the examples of the Krsimer plot,17 
which shows fairly good linearity between IE’2H1’4 and H. 
From the Kramer plot, the upper critical field Hc2 was 
estimated, as shown in Fig. 4. According to Ekin,12?13 the 
Hc2 is empirically given as a function of the strain of Nb3Sn 
at 4.2 K, ~1,4.2 K ( =cT~,~.~ K/El, where El is Young’s mod- 
ulus of the Nb3Sn), in the form 
I ’ ’ -1 
l- 
. 
c4 
I” 
&L / MPa 
FIG. 4. Variation of Ha as a function of a~. 0 shows the experimental 
result and the solid curve shows the result of the calculation based on 
Es. (1). 
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FIG. 5. Variation of I, at H=8 T as a function of v~,J,. 0 shows the 
experimental result. The broken and solid curves show the results of the 
calculation based on Eqs. (2) and (3), respectively. 
Hd&2m = 1 -a 1 E1,4.2 K 1’2 - (1) 
where a is the constant given by 900 for compressive strain 
(negative ~1,4,2 K) and 1250 for tensile strain (positive 
~1,4.2 &; u is also the constant given by 1.7, and Hc2, is the 
maximum upper critical field, which appears when 
~1.4.2 R=O (strain-free). Within the present work, the 
highest value of Hc2 among all samples was 20.8 T, which 
was obtained from the sample loaded up to ~=,~=230 MPa 
at room temperature, in which the stress of Nb3Sn at 4.2 K 
is nearly zero (Fig. 2). Substituting Hc2,=20.8 T and the 
calculated E1,4.2 K into Eq. ( 1) , the Hn was calculated as a 
function of aC,L, as shown with the solid curve in Fig. 4. 
The experimental result is well described. As shown below, 
the I, was much reduced at high o~,~ due to the breakage 
of Nb3Sn. However, the influence of breakage of Nb,Sn on 
Hc2 at high aC,L was not large to a first approximation. 
C. Variation of the critical current as a function of 
UC,L 
Figures 5 and 6 show the variations of 1, at applied 
magnetic field H= 8 and 15 T as a function of oGL. At both 
H= 8 and 15 T, the 1, values increased with increasing 
u,,~, reached maximum, and then decreased. Beyond u,,~ 
> 27% MPa, no superconducting current was observed. 
The variation of I, as a function of oC,L is affected by the 
strain effect and also by the breakage of Nb3Sn as follows. 
1. Strain effect 
From the variation of o-1,4.2 K shown in Fig. 2, the 
relation of 1, to u=,~ based on the strain effect can be pre- 
dicted by using the empirical equation proposed by 
Ekin.12.13 The critical current I, normalized with respect to 
the maximum critical current I,,, which is realized at 
~1.4.2 K=O (strain-free), is given by 
i~~~~=(H~~/H~2m)1’2[(1-H/H,2)/(1-H/H,,,)]2. 
(2) 
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FIG. 6. Variation of I, at H= 15 T as a function of Ok,=. 0 shows the 
experimental result. The broken and solid curves show the results of the 
calculation based on Eqs. (2) and (3), respectively. 
Within the present work, the sample for aC,,===230 MPa 
corresponds to the unstrained Nb,Sn at 4.2 K as shown 
already. Then the 1, values of this sample were taken to be 
I,, at each magnetic field H. Substituting the values of Ha, 
H c2m, and I,, into Pq. (2), the 1, values at each H were 
calculated. The result is shown as the broken curves in 
Figs. 5 and 6. The calculated curve describes well the mea- 
sured 1, values for oC,,<240 MPa. Comparing the (~1,4.2 K 
values shown in Fig. 2 with the results shown in Figs. 3 
and 4, it is concluded that the variation of 1, for a, L<240 
MPa due to the loading-unloading treatment is attributed 
to the strain effect. On the other hand, the experimental 1, 
values were far lower than the calculated values for aC, L 
> 240 MPa. This can be attributed to the breakage of the 
NbsSn upon loading, as shown below. 
2. Influence of breakage of Nbgm 
The observation of the appearance of the NbsSn for 
aC,,> 240 MPa revealed the breakage of the Nb3Sn, as 
shown in Fig. 7. Figure 7 also shows that the breakage of 
Nb3Sn on all filaments does not occur simultaneously; 
namely, when the Nb&‘s on some niobium tilaments are 
broken, the NbsSn’s on other filaments survive. In the 
present samples, the total number of niobium filaments 
were 745. Then 745 Nb$n’s were formed. It is expected 
that among the 745 Nb3Sn’s, weaker Nb3Sn’s will be bro- 
ken first, followed by the stronger ones. 
In the following analysis, we assume, to a first approx- 
imation, that only the surviving N&Sn’s can carry super- 
conducting current but not the broken ones, neglecting the 
proximity effect. Based on this assumption, it is expected 
that, if the fraction of surviving Nb3Sn’s to all Nb3Sn’s is f, 
the I, will be given by 
I,=fcI,,(H,/H,2,)“2[(1--H/H,,)/(1--H/H,2,)123. 
(3) 
i20pm, 
FIG. 7. Appearance of the Nb$n for 0,~=258 MPa. 
The f varies from unity at which no NbsSn is broken (all 
NbsSn’s carry current) to zero at which all Nb3Sn’s are 
broken (all Nb,Sn’s carry no current). The value off was 
estimated from the fitting of Pq. (3) to the experimental 
results. Figure 8 shows some examples. For crC,L <240 
MPa, the f values were 0.97-1.04, being nearly equal to 
unity, indicating almost all Nb$n’s carry current. On the 
other hand, for aC,L 9 240 MPa, the f values were lower 
than unity. Figure 9 shows the estimated values off plot- 
ted against aC. L. The f value remains to be nearly unity for 
150, \ I I I I 
I h I 
0 
8 11 IL 
H I T 
FIG. 8. Comparison of measured values of I, with calculated curves as a 
function of H based on Eq. (3). 
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FIG. 9. Estimated values off plotted against acTL. FIG. 10. The values of In ln( l/f) plotted against ln(qL). 
ac,L i 240 MPa as stated above, but then it decreases with 
increasing u~,~, reaching zero at aGL=278 MPa at which 
all NbsSn’s are broken. 
In the present work, the length of the resistance probes 
for measurement of I, was 10 mm. Therefore, the f values 
correspond to the proportion of the surviving NbsSn’s with 
10 mm in length. For the description of strength distribu- 
tion of metals and ceramics, the Weibull distribution” is 
known to be a useful one, In this work, this function was 
applied as follows. 
According to the two-parameter Weibull distribu- 
tion,” the cumulative probability of failure P at a stress 
(TV, L for a material of length L is 
P=l--xp[-((L/L,)(al,Jao)ml, (4) 
where m and a0 are shape and scale parameters, respec- 
tively, and Lo is the length for which the shape and scale 
parameters are measured ( 10 mm in this work). The m 
relates to the coefficient of deviation (COV: the ratio of 
standard deviation to the average value) in the form 
COV={[F(l+2/m)]/[l?(l+l/m)2-l]3”2, (5) 
where I’ is the gamma function. As known from Eq. (5), 
the m is a measure of scatter. The smaller the m, the larger 
the scatter. The average strength with a length L, 
ol,L(ave), isBgiven by 
aI,L(ave)=oo(Lo/L)l’mI?(l+l/m). (6) 
By using Eq. (4), the fraction of the surviving Nb$n, 
f, is given by 
f= 1 --F=exp[ -(L/Lo) (al,L)/ao)m]. 
Arranging Eq. (7), we have 
(7) 
lnln(l/f)=mln(oI,L)-mhr(ao)+ln(L/Lo). (8) 
For estimation of the m and a0 values for a length of 10 
mm, L and Lo are set to be 10 mm. Thus ln( L/L,) is zero. 
Then m and a0 values can be estimated from the slope and 
1 
* c 
. 
z 
E 
c 
- -1 
-2 
)- 
,- 
0 
0 
0 ./ , ( 
6.8 6.9 7.0 7.1 
intersection by plotting In hr( l/f) against hr( ol,J. Figure 
10 shows the result of the plotting, in which the values of 
f were taken from the data for 240 MPa < CT~,~ i 278 MPa 
shown in Fig. 9 and the values of CJ~,~ were taken from Fig. 
2. The m and a0 values were estimated to be 12 and 1.06 
GPa, respectively. The value of m= 12 corresponding to 
the COV was found to be 0.101 from Eq. (5). Thus the m 
value of the present NbsSn is larger than that of the glass 
filaments [m=3.5-6.4 (Ref. 19)] but smaller-than that of 
the industrial metal materials (m=30-50). The average 
strength of the present Nb$n with a 10 mm length was 
estimated by Eq. (6) to be 1.02 GPa. 
The strength distribution of the NbsSn obtained in this 
work is shown graphically in Fig. 11, together with the 
level of u~,~. From Eq. (3), in combination with the 
strength distribution shown in Fig. 11, the change of I, as 
0.L 
c 
0 .- 
t 
E  0.2 
L 
StrengthlMPa 
1 
180 
I I 
220 260 
fJ,,L/ MPa 
3ifo 
FIG. 11. The estimated distribution of strength of the present Nb,Sn for 
L=lOmmand1OOm. 
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a function of ucL was recalculated as shown with the solid 
curves in Figs. 5 and 6. The experimental results can be 
described well. 
In the present work, the case of L= 10 mm was stud- 
ied. If the samples are longer, the strength of the Nb$n 
shall be lower, as deduced from Eqs. (4) and (5). The 
practically used composite wires are far longer than 10 
mm. The strength distribution of the Nb$n for L = 100 m 
as an example, calculated from Fq. (4), is also shown in 
Fig. 11 for comparison. The reduction in 1, for longer 
samples occurs at lower a,-. This implies that mechanical 
and electromagnetic stresses acting on long composite 
wires during preparation and/or service should be sup- 
pressed more than those acting on short samples. 
As has been shown in our former work,2oz21 the 
strength of the NbsSn is strongly dependent on the heat- 
treatment condition. Therefore, in order to describe the 
I=-~T~,~ relation for a wide variety of heat-treatment condi- 
tions, further study is needed. For such a study, the present 
method can be applied in a similar manner. 
IV. CONCLUSIONS 
Influence of loading-unloading treatment at room tem- 
perature on the critical current at 4.2 K of Nb,Sn super- 
conducting composite wire was studied. By the loading- 
unloading treatment, the critical current increased, 
reaching maximum, and then decreasing with increasing 
applied stress level. This variation of the critical current 
below the stress level which causes breakage of Nb$n 
could be described well quantitatively by substituting the 
strain values into Ekin’s scaling law for the strain effect. 
From the comparison of the experimental 1, values with 
the predicted ones for no breakage of NbsSn, the average 
strength and coefficient of variation of the strength of the 
present Nb,Sn were estimated to be 1.02 GPa and 0.101, 
respectively. 
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